Transposition plays a role in the epidemiology and pathogenesis of Neisseria meningitidis. Insertion sequences are involved in reversible capsulation and insertional inactivation of virulence genes encoding outer membrane proteins. In this study, we have investigated and identified one way in which transposon IS1106 controls its own activity. We have characterized a naturally occurring protein (Tip) that inhibits the transposase. The inhibitor protein is a truncated version of the IS1106 transposase lacking the NH 2 -terminal DNA binding sequence, and it regulates transposition by competing with the transposase for binding to the outside ends of IS1106, as shown by gel shift and in vitro transposition assays. IS1106Tip mRNA is variably expressed among serogroup B meningococcal clinical isolates, and it is absent in most collection strains belonging to hypervirulent lineages.
Many studies have pointed out the importance of mobile genetic elements in microbial pathogenesis and adaptation to changing environmental conditions. Virulence genes of pathogenic bacteria, which code for toxins, adhesins, invasins, capsules, pili, resistance determinants, or other virulence factors, may be located on transmissible genetic elements such as transposons, plasmids, or bacteriophages (16, 50) . Insertion sequence (IS) elements are known to be involved in microevolution of bacterial genomes by several mechanisms (1, 32) . (i) In the chromosomes of both gram-negative and gram-positive bacteria, virulence genes are often clustered in "virulence blocks" or "pathogenicity islands," surrounded by IS elements that promote their transposition and lead to changes in virulence in the course of evolution. Pathogenicity islands are invariably found in pathogenic strains of a given species but are either absent or rarely present in nonpathogenic variants of the same species (12, 20, 21, 23, 30, 33, 34) . (ii) In addition, two copies of certain IS elements flanking a DNA segment are able to act in concert, mobilizing the intervening region. (iii) Programmed insertion and excision of IS elements and of invertible DNA sequences may control the expression of several virulence factors by a mechanism of phase variation (24, 58) . (iv) "Jumping" of DNA sequences (transposition) and subsequent recombination events may also cause gene activation (5) and antigenic variation of virulence factors, leading to the emergence of novel pathogenic variants (48) . (v) IS-related DNA rearrangements do occur in resting bacterial cultures and confer plasticity on the genome under conditions of nutritional deprivation, thereby playing an adaptive role (1, 3, 18, 35, 36) .
With the development of studies of the mechanisms of bacterial pathogenesis and the advent of whole-genome sequencing technologies in recent years, the finding of association between IS elements and pathogenic and virulence functions has become increasingly evident. Such associations have been observed in a variety of animal pathogens (6, 9, 14, 17, 31, 52) .
Whole-genome sequence analysis and subtractive hybridization procedures have led to the identification of putative islands of horizontally transferred DNA into the genomes of serogroup B and serogroup A meningococci (42, 55) . Several of these regions encode proteins that are specific to the pathogenic Neisseria species and may have a role in virulence. These regions do not have the classical characteristics of pathogenicity islands. Several, however, have a particularly low GϩC content and are associated with transposase and integrase genes, suggesting that at some time in the genetic history of these species, the regions were the results of recombination events with DNAs from other species. One of these regions in a serogroup A strain, characterized by a significantly low GϩC content and containing open reading frames (ORFs) with no homology to genes in databases, is flanked by several copies of IS1106 and a copy of IS50 (42) .
Transposition plays a role in the epidemiology and pathogenesis of Neisseria meningitidis. IS1301 is involved in reversible capsulation by insertion into and excision from the siaA gene locus in serogroup B meningococci (24) . This transpos-able element is also responsible for insertional inactivation of the porA gene encoding the class 1 outer membrane protein, which is considered to function as a porin and invasin (57) in several serogroup B and C meningococcal isolates (38) . In addition, analysis of the nucleotide sequence of the chromosomal region downstream of the porA gene has revealed the presence of a rearranged copy of the IS1106 element in carrier strains/isolates but not in invasive meningococcal strains/isolates of serogroup B, type 15, subtype 16 (B15:P1.16) (26) .
IS1106 is an IS present in multiple copies in all of the meningococcal strains so far examined (39, 40) belonging to the IS5 group of the IS4 family of transposable elements (46, 26, 32) . It was the first IS to be characterized in N. meningitidis and has been used as a DNA probe in phylogenetic and epidemiological analyses (25, 39) and to develop rapid, specific, and sensitive PCR-based tests for the diagnosis of meningococcal disease (40) .
In this study, we have investigated the regulation of transposase activity of the element IS1106 in clinical isolates of N. meningitidis and characterized a naturally occurring inhibitor protein (IS1106Tip) of the transposase of IS1106 (IS1106T) by using biochemical and genetic approaches.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The meningococcal strains used in this study are listed in Table 1 . Invasive strains/isolates were derived from a collection of strains isolated during outbreaks of epidemic disease that have occurred in different places in Italy and France during the last 20 years. The serotypes and subserotypes of these strains are shown in Table 1 . A total of 24 carrier strains/isolates were enrolled in this study. These strains were sampled from the nasopharynges of different healthy subjects at the time of their military enlistment in the course of a routine screening program for the surveillance of meningococcal disease. The carrier strains/isolates used in this study were sampled in different geographical areas in Italy and France. Two strains, BL9513 and BF9513, were isolated, respectively, from the cerebrospinal fluid and the nasopharynx of a single sick subject in France. All meningococcal strains were cultured on chocolate agar (Becton-Dickinson) or on GC agar or broth (Difco) supplemented with 1% (vol/vol) Polyvitox (Bio-Merieux) at 37°C in 5% CO 2 . Antibiotics were purchased from Sigma and used at the following concentrations: erythromycin, 7 g ml Ϫ1 ; rifampin, 36 g ml Ϫ1 . Escherichia coli strain DH5␣ [F Ϫ ⌽80d lacZ⌬M15 endA1 recA1 hsdR17 supE44 thi-1 Ϫ gyrA96 ⌬(lacZYA-argF) U169] was used in cloning procedures. Strain BL21 DE3 (F Ϫ ompT r B Ϫ m B Ϫ ) was used to overexpress recombinant proteins (53) . E. coli strains were grown in Luria-Bertani broth/agar. When needed, ampicillin was added to a final concentration of 50 g ml Ϫ1 . Transformation of meningococci. Transformations were performed as previously described (19) by using 500 ng of chromosomal DNA extracted from rifampin-resistant derivatives of strains BL847 and BF52 (Table 1) . A recipient strain was BF52. Transformants were selected on GC agar base supplemented with rifampin (36 g ml Ϫ1 ) or erythromycin (7 g ml Ϫ1 ). Plasmids and cloning procedures. To obtain plasmid pUCIS1106::ermCЈ, a 1,245-bp-long PCR-derived EcoRV fragment spanning an entire IS1106 element and flanking direct repeats (GGTC) was cloned into the HincII site of pUC19. The oligonucleotides used to amplify the IS1106 DNA sequence were 5Ј-TAA GATATCGTCGACGGTCGAGACCTTTGCAAAATTCCCCAAAATC-3Ј and 5Ј-TTAGATATCGTCGACGACCGAGACCTTTGCAAAATTCCTTTCCCT C-3Ј(the EcoRV sites are underlined). The template DNA was derived from strain BL859. The resulting plasmid, pUC1106, was linearized at the unique ClaI site within the IS1106T gene, and a 1,573-bp ClaI-AccI fragment containing the ermCЈ gene was inserted.
To construct plasmids pET1106T and pET1106Tip, genomic regions containing the entire or 5Ј-end-truncated transposase were amplified, respectively, by using oligonucleotides 5Ј-TTAGGGGATTTCATATGAGCACCTTCTTCCGG CAAACCGC-3Ј and 5Ј-CTTTCCCGGATCCCAGCCGAAACCCAAACACA GG-3Ј (for IS1106T) or 5Ј-CCTTGTCCTGACATATGTTAATCCACTATAC CTCCGCCAATG-3Ј and 5Ј-CTTTCCCGGATCCCAGCCGAAACCCAAAC ACAGG-3Ј (for IS1106Tip) (the underlined sequences are CATATG for NdeI sites and GGATCC for BamHI sites). The template DNAs were derived from strain BL859 (for IS1106T) and BF18 (for IS1106Tip). The PCR products of 1,128 and 518 bp, respectively, were restricted with NdeI and BamHI and cloned into the NdeI-BamHI sites of pET15b (provided by Novagen). pT71106Tip was obtained by cloning the 518-bp PCR product into the NdeI-BamHI sites of pT7-7 (54) .
Plasmid pUH1106Tip was constructed by cloning a 540-bp-long, PCR-derived BamHI-XbaI fragment spanning the IS1106Tip gene into the polylinker of plasmid pUH1I (47) . The oligonucleotides used to amplify the IS1106 DNA sequence were 5Ј-TAAGATGGATCCCTGCGGCTTCGTCGCCTTGTC-3Ј and 5Ј-CTTTCCCTCTAGACAGCCGAAACCCAAACACAGG-3Ј (the underlined sequences are GGATCC for BamHI sites and TCTAGA for XbaI sites). The template DNA was derived from strain BF18.
The genomic region encompassing the truncated IS1106 element shown in Fig.  3 was amplified from meningococcal strains by using oligonucleotides 5Ј-ATGG ACGAAATCGAGGCAGCCG-3Ј and 5Ј-TTCCCGCGAACGCGGGAATC-3Ј as primers.
DNA procedures. High-molecular-weight genomic DNAs from the different N. meningitidis strains were prepared as previously described (7) . DNA fragments were isolated through acrylamide slab gels and recovered by electroelution as previously described (49) .
The IS1106T-specific probe used in the Northern blot and S1 nuclease mapping experiments shown in Fig. 2 was obtained by PCR using the genomic DNA derived from strain BS849 as the template. The oligonucleotides used as primers (5Ј-ATGAGCACCTTCTTCCGGCAAACCGC-3Ј and 5Ј-AGACAGCCGAAA CCCAAACACAGG-3Ј) were designed to amplify a region of 1,126 bp on the basis of the nucleotide sequence of IS1106 shown in Fig. 1 (from nucleotide 68 to nucleotide 1194). The IS1106-specific probe used in the S1 mapping experiment shown in Fig. 5 was obtained with oligonucleotides 5Ј-ACAATGATGAT TTCTTTGAACTGATGCGCG-3Ј and 5Ј-ACATCGCCTTCAGGTGGCTTTG CGCACTCAC-3Ј (from nucleotide 456 to nucleotide 482 of Fig. 4B ) and genomic DNA derived from strain BF18 used as a template. The amplification reactions consisted of 30 cycles including 1 min of denaturation at 94°C, 1 min of annealing at 55°C, and 1 to 2 min of extension at 72°C. They were carried out in a Perkin-Elmer Cetus DNA Thermal Cycler 480. 5Ј-end labeling was performed with the T4 polynucleotide kinase and [␥-
32 P]ATP (3,000 Ci mmol Ϫ1 ). In Northern blot and S1 mapping experiments, the probes were labeled only at the strand complementary to the expected transcripts.
The nucleotide sequence of the wild-type IS1106 element (Fig. 1A ) was determined by sequencing of a 1,227-bp PCR product obtained by amplifying a genomic region(s) of serogroup B strain BL859 (Table 1 ) using two oligonucleotides corresponding to the IS1106 arms as primers. The putative arms of the element were determined by analysis of the available genomic sequence of N. meningitidis serogroup A strain Z2491 (Sanger Centre database) using a National Center for Biotechnology Information sequence similarity search tool.
The nucleotide sequence of the genomic region containing the IS1106Tip gene was determined by sequencing of PCR products obtained by using appropriate oligonucleotides as primers. The oligonucleotides were designed on the basis of the available sequences of N. meningitidis serogroup A strain Z2491, in which a region containing a 5Ј-truncated element was identified by using a National Center for Biotechnology Information sequence similarity search tool.
DNA sequencing reactions were carried out by the dideoxy-chain termination procedure using the T7 SequencingTM kit (Pharmacia Biotech) or the TAQence cycle sequencing kit from USB (distributed by Amersham Life Science) in accordance with the instructions of the manufacturers.
Processing of the DNA sequences was performed with the software GeneJockey Sequence Processor (published and distributed by Biosoft).
Restriction fragment length polymorphism (RFLP) typing of meningococcal strains. The genetic distances between the meningococcal isolates were determined by comparing RFLP patterns in eight housekeeping genes and using collection strains as a reference. Assignment of the different isolates to hyper- Southern blotting was used to detect polymorphism generated by the presence or absence of Sau3AI sites in the coding region of the genes recA, uvrA, uvrB, uvrC, uvrD, rep, leuS, and rho. The gene fragments were amplified from chromosomal DNA of strain BL859 by using PCR with the following primers: 5Ј-C CGAATCCTCCGGCAAAACCACCC-3Ј and 5Ј-CCGATCTTCATCCGGATT TGGTTGATG-3Ј (recA), 5Ј-GCTCGTGGTGGTAACAGGATTGTCGGG-3Ј and 5Ј-CAAAAGGCGCAGATAGTCGTGGATTTC-3Ј (uvrA), 5Ј-GAACATA TCGAGCAGATGCGCCTTTCC-3Ј and 5Ј-GCTCATTAAATCGTCGACTTG GGTGGC-3Ј (uvrB), 5Ј-GCAAAGTCTTATACGTCGGCAAAGC-3Ј and 5Ј-G GTGTGGCTGATGTCGAAGCATTC-3Ј (uvrC), 5Ј-GTGCTGACCACGCGC ATCGCATGGC-3Ј and 5Ј-GTTGGTGTCTTGGAACTCGTCAACGAG-3Ј (uvrD), 5Ј-TGCTCGTCCTTGCCGGTGCAGGCAGCG-3Ј and 5Ј-CGCGGTG GAGCGGTAGTTTTGCTCCAG-3Ј (rep), 5Ј-GAGCTGACTTTTGACGACA AAGGC-3Ј and 5Ј-TTCGTCGACTGCCGGCCAGCCAGC-3Ј (leuS), and 5Ј-T GCACGTCTCCGAATTACAAACCCTGC-3Ј and 5Ј-CACGCTTCCTTCGAT GGTGTCGCC-3Ј (rho). The lengths of the PCR products were as follows: 400 bp (recA), 248 bp (uvrA), 955 bp (uvrB), 1,129 bp (uvrC), 561 bp (uvrD), 755 bp (rep), 611 bp (leuS), and 303 bp (rho). Southern blots were performed in accordance with standard procedures (49) . For higher resolution, a large apparatus was used for agarose-gel electrophoresis and the DNAs from reference strains were always included in each run. Bands of the same size were assumed to be identical and therefore to correspond to the same allele. The genetic diversity (h) at a locus among isolates was calculated as follows: h ϭ (1 Ϫ ⌺x i 2 )(n/n Ϫ 1), where x i is the frequency of the ith allele and n is the number of isolates. The h values for the loci were: 0.00 (recA), 0.83 (uvrA), 0.70 (uvrB), 0.82 (uvrC), 0.73 (uvrD), 0.64 (rep), 0.39 (leuS), and 0.66 (rho). The mean genetic diversity per locus was the arithmetic average of h values over all of the loci. The genetic distance (D) between pairs of isolates was calculated as the proportion of loci at which dissimilar alleles occurred, and a dendrogram was constructed from a matrix of allelic mismatches by the pair group cluster method with arithmetic averages. Data were normalized by a weighted coefficient, with the contribution of each locus to D being weighted by the reciprocal of the mean genetic diversity at the locus in the total sample being analyzed (37, 51) .
RNA procedures. Total bacterial RNA was extracted from logarithmically growing cells by the guanidine hydrochloride procedure previously described (7) . Electrophoretic analysis was done by fractionating the total RNA on 1% agarose gels containing formaldehyde (49) . RNA transfer to Hybond (Amersham) membranes and hybridization with 32 P-labeled fragments were done in accordance with the standard procedure (49) .
RNA-DNA hybridization, S1 nuclease digestion, and analysis of the hybrids on denaturing polyacrylamide gels were performed as described by Favaloro et al. (13) . Quantitative analysis of the different transcripts was performed by densitometry using a Scanmaster 3 (Howtek, Inc., Hudson, N.H.) or a high-performance desktop flat-bed color scanner equipped with the RFLPrint (Pdi, Huntington Station, N.Y.) software package or by directly counting the radioactive bands with a PhosphorImager SI (Molecular Dynamics, Inc., Sunnyvale, Calif.).
In vitro translation assay. In vitro transcription-translation of recombinant plasmids was obtained in an S30 extract prepared from N. meningitidis in the buffer system described by Zubay (59) by making use of [ 35 S]methionine to obtain labeled gene products. Proteins were analyzed on sodium dodecyl sulfate (SDS)-15% polyacrylamide gels.
In vitro transposition assay. The in vitro transposition assay measured the movement of the transposase-defective element from donor plasmid pUC1106::ermCЈ to target chromosomal DNA. The target DNA was derived from a rifampin-resistant variant of N. meningitidis strain BL859. Transposition reactions were carried out in 10% glycerol-2 mM dithiothreitol-250 g of bovine serum albumin ml Ϫ1 -25 mM HEPES (pH 7.9)-100 mM NaCl-10 mM MgCl 2 . They contained, in a final volume of 20 l, 1 g of donor plasmid, 1 g of target chromosomal DNA, 500 ng of IS1106T, and different amounts of IS1106Tip. Samples were incubated at 30°C for 3 h and then exposed to 75°C for 10 min to inactivate the enzymes. Before the DNA was transformed into rifampin-sensitive parental strain BL859, single-stranded gaps possibly introduced upon transposition were repaired. Gaps in the DNA were first filled with the Klenow fragment of E. coli DNA polymerase I by using the same buffer system and each deoxynucleoside triphosphate at 1 mM. The enzyme was heat inactivated by 10 min of exposure to a temperature of 75°C. The sample volumes were then raised to 40 l and 5 U of T4 DNA ligase and ATP to a final concentration of 1 mM were added. The ligation reactions were performed for 3 h at room temperature. Half of the repaired transposition products were used to transform BL859. Transposition events were scored as the recovery of erythromycin-resistant host cells after transformation. The ratio of the total number of erythromycin-resistant transformants to the total number of rifampin-resistant transformants was a Other Cell extract preparation and protein purification. Crude (S30) extracts were prepared from E. coli BL21 DE3 cells transfected with plasmid pET15b, pET1106T, pET1106Tip, pT7-7, or pT71106Tip grown to early logarithmic phase and induced with isopropyl-␤-D-thiogalactopyranoside (IPTG) for 2 h at 37°C or not induced. Cells were mechanically broken with a French press in a buffer containing 20 mM HEPES (pH 8.2), 100 mM KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, and 20% glycerol. Induction of E. coli cells transfected with pT71106Tip resulted in the appearance of polypeptides with an apparent molecular mass of 16,000 Da as determined by SDS-polyacrylamide gel electrophoresis. Histidine-tagged IS1106T and IS1106Tip were partially purified by the rapid affinity purification protocol in accordance with the Novagen pET system manual.
DNA gel mobility shift assay. The double-stranded probe used in the gel mobility shift experiments was obtained by annealing the complementary 5Ј-endlabeled oligonucleotides 5Ј-GGTCGAGACCTTTGCAAAATTCC-3Ј and 5Ј-G GAATTTTGCAAAGGTCTCGACC-3Ј spanning the 19-bp sequence of the left arm of IS1106. The annealing reaction was carried out at 65°C for 1 h.
The gel mobility shift assay was performed by mixing (at 24°C) purified proteins, double-stranded labeled probe, unlabeled competitor DNA, and buffer in a total volume of 20 l. (Fig. 3B) . The overlined amino acids grouped in the N2, N3, and C1 regions are part of the DDE motif, the amino acid triad intimately involved in catalysis (32) . excess over the labeled DNA. The mixture was incubated for 15 min at 24°C before loading onto a 5% polyacrylamide gel in 0.25ϫ standard TBE buffer (1ϫ TBE is 0.0089 M Tris-borate, 0.089 M boric acid, and 0.002 M EDTA), and electrophoresis was carried out at 4°C.
RESULTS
Structure and nucleotide sequence of the N. meningitidis IS1106 element and analysis of transposase-specific transcripts in meningococcal strains. The IS1106 element located within a complex repetitive region downstream of porA is a rearranged element in which a transposon-like repetitive element (also known as a small repetitive element [SRE]) (10) interrupts the region encoding the amino terminus of the putative IS1106T protein (26) . By PCR using two oligonucleotides complementary to the IS1106 inverted-repeat sequences (IRs), we isolated a wild-type element from serogroup B strain BL859 (Fig. 1A) (27, 8) (Fig. 1B) . Analysis of the DNA sequence revealed the presence of several putative control elements upstream of the start codon of the transposase: (i) a 14-bp-long perfect IR located 2 bp downstream from IRL, (ii) a repeated motif resembling part of the core sequence of the neisserial RS3 repeat (22) , and (iii) putative Ϫ10 and Ϫ35 promoter sequences (Fig. 1A) .
We next analyzed transposon-specific transcripts in different serogroup B meningococcal strains by Northern blotting. Total RNAs extracted from either "carrier strain" or "invasive strain" isolates were probed with an IS1106T-specific probe. A specific transcript of about 1,200 nucleotides was detected only in carrier strain isolates ( Fig. 2A, lanes 1 to 4) and not in invasive strain isolates ( Fig. 2A, lanes 5 to 8) . We performed an S1 mapping experiment to define the ends of this transcript (Fig. 2B ). After treatment with S1 nuclease, the amounts of full-length protected hybrids were very low in all of the strains tested and detectable only after overexposure of the autoradiogram. On the contrary, a shorter hybrid was present in considerable amounts only in carrier strains/isolates BF10 and BF18 (Fig. 2B, lanes 3 and 4) . The 5Ј end corresponded to nucleotide 700 of the IS1106 sequence (Fig. 1A) .
Isolation of a transcriptionally active, 5-end-truncated IS1106 element from the genome of a carrier strain/isolate. The transcript mapping data led us to hypothesize the existence of a transcriptionally active, rearranged version of the IS1106 element in the meningococcal genome. The sequence of the IS1106 element in the genome of serogroup B carrier strain/isolate BF18 was determined (Fig. 3) . Inspection of the nucleotide sequence revealed the presence of a rearranged IS1106 element located downstream of an IS1016-like element (32) (Fig. 3A) . Alignment of the rearranged IS1106 sequence with that of the wild type (Fig. 1A) revealed that the element is truncated at the 5Ј end and located immediately downstream from a neisserial SRE (Fig. 3B) .
The putative start site(s) of the 5Ј-end-truncated IS1106-specific transcript was determined by S1 nuclease mapping (Fig. 4A) . The analysis revealed two major transcripts whose 5Ј ends mapped within the SRE located upstream of the rearranged IS1106 element (Fig. 3B) . These transcripts could be detected only in carrier strains/isolates BF10 and BF18 (Fig.   FIG. 2 . Analysis of the IS1106-specific transcript. (A) Northern blot analysis. Total RNAs (10 g) from carrier strains/isolates BF10, BF18, BF21, and BF8961 (lanes 1 to 4) and from invasive strains/ isolates BL858, BS849, BL892, and BL947 (lanes 5 to-8) were hybridized to a 5Ј-end-labeled 1,126-bp DNA fragment spanning the entire coding region of IS1106T (Fig. 1A and Materials and Methods). Only the strand complementary to the RNA was labeled. Arrows indicate the IS1106-specific transcript and its approximate size deduced on the basis of the relative migration of the rRNAs. nt, nucleotides. (B) S1 nuclease mapping analysis. A 5Ј-end-labeled DNA fragment spanning the entire coding region of IS1106T (Fig. 1A ) was used as a probe. The probe (lane 8) was hybridized to total RNA (10 g) extracted from carrier strains/isolates BF10 and BF18 (lanes 3 and 4), from invasive strains/isolates BL858 and BS849 (panel B, lanes 5 and 6), or from yeast (lane 7). After treatment with S1 nuclease, the reaction products were resolved on a 6% polyacrylamide-urea denaturing gel. The sizes of the protected hybrids (arrows) were determined by running in parallel a sequencing reaction ladder (G and A, lanes 1 and 2) of the same DNA fragment used as a probe. The bar indicates the relative migration of the probe.
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on October 14, 2017 by guest http://iai.asm.org/ 4A, lanes 5 and 6) and not in invasive strains/isolates BL858 and BS849 (Fig. 4A, lanes 3 and 4) . The absence of the IS1106-specific transcripts in invasive strains/isolates BL858 and BS849 does not depend on a lack of the element because PCR analysis revealed the presence of the truncated IS1106 element (data not shown). We therefore speculated that transcription of the 5Ј-truncated IS1106 element could be impaired by a point mutation(s). Analysis of the nucleotide sequence of strain BS849 revealed four nucleotide substitutions in the putative promoter region in both strains, mapping 12, 24, 82, and 86 nucleotides upstream of the longer transcription start site, respectively (Fig. 3B) . In the rearranged element, an ORF initiates at the rare codon for leucine TTG (15) (nucleotide 140), possibly encoding a 14,870-Da peptide corresponding to the carboxy-terminal half of the putative wild-type IS1106T . This ORF is found both in the carrier strains/isolates and in the invasive strains/ isolates (data not shown). To seek evidence that the 5Ј-endtruncated IS1106-specific transcripts were translatable, we performed an in vitro translation assay. To this end, the 5Ј-endtruncated transposase gene from strain BF18 was cloned downstream from the E. coli his promoter to obtain plasmid pUH1106Tip. The recombinant and the vector plasmids were transcribed in vitro and translated by using an S30 extract derived from meningococcal strain BF18 (Fig. 4B) . In addition to vector-encoded peptides, a specific translation product of about 16,000 Da was produced by pUH1106Tip (Fig. 4B, lane  2) . The size of this peptide was close to the expected molecular mass (14,870 Da) of the 5Ј-end-truncated transposase (IS1106Tip).
Analysis of ISII06Tip mRNA and distribution of IS1106 in clinical isolates of N. meningitidis. We next investigated the presence of the IS1106Tip mRNA in clinical isolates of meningococci by S1 mapping. The meningococcal strains were isolated in different regions of Italy and France over the last 10 years. The genetic relationships among 50 clinical isolates and 10 reference strains (45) were determined by comparing RFLP patterns in eight housekeeping genes that were mapped on a physical map (55) to ensure that they were unlinked. The relatedness between strains is shown as a dendrogram (Fig. 5) . The results of the S1 mapping analysis, summarized in Table 1 , indicated that the 5Ј-end-truncated form of the IS1106T mRNA was produced in 14 (67%) of 21 meningococcal isolates sampled from the oropharynges of healthy subjects. In contrast, the transcript was detected in only 6 (18%) of 33 isolates derived from the blood or cerebrospinal fluid of patients with meningococcal disease or in strains belonging to several hypervirulent lineages, such as lineage 3, the ET-5 complex, and cluster IV-1. However, it was detected in strains belonging to the ET-37 complex derived either from patients or from healthy subjects.
In most cases, lack of IS1106Tip expression was associated with the same point mutations previously mapped (Fig. 3A) . However, in strains of the ET-5 complex, the IS1106Tip gene could not be amplified by PCR, suggesting that a rearrangement or deletion had occurred (data not shown). In an attempt to correlate IS1106Tip expression with IS1106 transposition, both the copy number and distribution of the IS1106 elements in the meningococcal clinical isolates were determined by Southern blotting. In the experiment whose results are shown in Fig. 6B , any band in the autoradiograph might be interpreted as an insertion of a single copy of either an intact or a truncated IS1106 element. The results demonstrate that IS1106 is present in multiple copies in the genomes of the meningococcal isolates, ranging from about 5 or 6 to more than 15 or 16. The copy number did not correlate with the expression of IS1106 Tip. However, in phylogenetically related strains that do not express IS1106Tip, a high heterogeneity of the insertion pattern was observed. For instance, strains BL847 and BL859, which did not express IS1106 Tip although both belonging to lineage 3 (Fig. 5) , appeared to be unrelated on the basis of the IS1106 transposition pattern. A similar heterogeneity was observed in several strains of the ET-5 complex, for instance, BL899 and BL937. By contrast, all of the examined strains of the ET-37 complex that express IS1106Tip exhibited very similar transposition patterns. This suggested that IS1106Tip might act as a negative modulator of IS1106 transposition.
Effects of IS1106Tip expression on in vitro transposition of an IS1106::ermC element. To investigate the possibility that IS1106Tip might function as a repressor of IS1106T, an in vitro transposition assay was developed. Histidine-tagged IS1106T or IS1106Tip overexpressed in E. coli BL21 DE3 cells (Fig.  7A , lanes 4 and 6) was partially purified and variously mixed with tester DNA. A modified version of IS1106, IS1106::ermCЈ, was engineered by inserting the ermCЈ gene conferring resistance to erythromycin into the gene for IS1106T. The assay measured the movement of the transposase-defective element from a donor plasmid to target rifampin-resistant N. meningitidis chromosomal DNA in the presence of different amounts of partially purified IS1106T and IS1106Tip. The target DNA was used to transform a sensitive N. meningitidis strain to erythromycin or rifampin resistance. Transposition events were scored as the recovery of erythromycin-resistant host cells after natural transformation. As the in vitro treatment was expected to affect the transforming ability of the target DNA, values were normalized with transformation efficiencies to rifampin resistance. Therefore, the ratio of the total number of erythromycin-resistant transformants to the number of rifampin-resistant transformants was taken as a measure of IS1106::ermCЈ transposition. The data demonstrate that IS1106T was able to activate transposition of the transposasedefective element in trans and that transposition efficiencies strongly decreased in the presence of IS1106Tip. The extent of inhibition was dependent on the ratio of IS1106T to IS1106Tip (Table 2 ). In particular, at ratios of 50:1, 10:1, and 2:1 (amounts of IS1106T to amounts of IS1106Tip), the frequencies of transposition events decreased about 5-, 15-, and 50-fold, respectively.
Binding of IS1106Tip to the IR of IS1106. To elucidate the mechanism of inhibition of IS1106 transposition by the truncated transposase, we investigated the ability of IS1106Tip to interfere with binding of the full-length transposase to IS1106 termini (IS1106IR). Incubation of partially purified IS1106T with 5Ј-end-labeled double-stranded oligonucleotides corresponding to the IS1106 IR led to the appearance of a retarded complex I (Fig. 7B, lane 2) specifically titrated out by excess cold probe (Fig. 7B, lanes 3 and 4) . When the IS1106 IR was incubated with IS1106Tip, two specific major DNA-protein complexes were detected: a faster-migrating one (complex II) and a much more abundant complex that migrated considerably more slowly (complex III) (Fig. 7B, lanes 5 to 7) . Significantly, the amount of complex III was much greater than that of the IS1106 IR-IS1106T complex (Fig. 7B, lane 2) , although IS1106Tip was used at a concentration 10-fold lower than that of IS1106T. This finding indicated that the truncated transposase was able to bind the IS1106 IR more efficiently than was the full-length transposase. This result was confirmed when the probe was incubated in the presence of both IS1106T and IS1106Tip at different relative ratios (Fig. 7B, lanes 8 to 10) . Formation of complex I was substantially inhibited when IS1106Tip and IS1106T were used at a 1:10 ratio (Fig. 7B , lane 10).
DISCUSSION
Transposons have evolved various regulatory mechanisms that limit their movement and the accompanying mutagenic effect within the host cell. Several of these mechanisms are general and involve transcriptional repressors and translational inhibitors (antisense RNA). Others are more specific and include (i) sequestration of translation initiation signals, (ii) pro- grammed translational frameshifting, (iii) coupling of translation termination, transposase binding and transposon activity, (iv) impinging transcription from an outside promoter and/or from within the element, (v) transposase stability, (vi) activity in cis of transposase (32) . In this paper, we have characterized the wild-type IS1106 element and a novel mechanism by which this transposon controls its own activity.
Four copies of the wild-type element and several rearranged copies are found in the genome of serogroup A strain Z2491 (Sanger Centre database) (41) . Computer sequence analysis of the regions flanking the IS1106 copies in strain Z2491 did not reveal a consensus target site. However, copies of repetitive sequence RS3 are located downstream of several IS1106 elements in the genome of Z2491, suggesting that the primary sequence and/or the architecture of the RS3 or RS3-like sequence may be involved in target site selection and possibly in the orientation of insertion. Interestingly, a repeated motif resembling part of the core sequence of the neisserial RS3 repeat is located upstream to the start codon of the transposase gene and partially overlaps the IRL (Fig. 1A) . The analysis of the nucleotide sequence of this region also revealed several putative control elements: Ϫ10 and Ϫ35 promoter elements and a 14-bp-long perfect IR located in the space between the IRL and the start codon of the transposase gene. Because formation of this palindromic structure at the level of RNA is predicted to sequester the ribosomal binding site, one may speculate that the 14-bp-long IR protects IS1106 from activation by impinging transcription following insertion into highly expressed genes. A similar control mechanism regulates the activity of other transposable elements (32) .
Transcriptional mapping analysis has demonstrated the presence, in several meningococcal strains, of an IS1106-specific transcript corresponding to a 5Ј-end truncated transposase mRNA (Fig. 2) . The sequence analysis of the genomic region encoding the truncated transposase (IS1106Tip) revealed the presence of a 5Ј-end truncated IS1106 element downstream from a neisserial SRE (10) (Fig. 3) . SREs have been associated with transposition in neisseriae. It is therefore reasonable that the genomic rearrangement leading to the 5Ј-end-truncated transposase gene has been promoted by insertion of the SRE into an IS1106 element. Transcription of the IS1106Tip gene starts within the SRE (Fig. 3 and 4A) . Transcription from SREs has been reported for other meningococcal genes, including uvrB (2) and drg (7) . No canonical 70 -dependent promoter consensus sequence is detectable in the SRE upstream of the truncated transposase gene. However, a putative gearbox promoter sequence (5Ј-CACCAAGT-3Ј) is present a few nucleotides upstream of the transcript start site (Fig. 3) . Gearbox promoters appear to be involved in the regulation of several genes in E. coli that are induced upon entry into the stationary phase (4, 28, 29) . In N. gonorrhoeae, putative gearbox sequences have been identified within the SRE upstream of uvrB and 7 of the 11 opa genes from strain MS11 (2). IS1106Tip mRNA is variably expressed among meningococcal clinical isolates (Table 1 ). The absence of IS1106Tip-specific transcripts is associated either with mutations in the putative promoter region located within the SRE or with rearrangement/deletion of the gene (in strains of the ET-5 complex).
The results of the in vitro transposition assay demonstrated that IS1106Tip might act as a negative modulator of IS1106 transposition (Table 2) The DNA gel mobility shift assay was performed by incubating a 5Ј-end-labeled double-stranded oligonucleotide corresponding to the ends of IS1106 (lane 1) in the presence of partially purified, histidine-tagged IS1106T (lanes 2 to 4), histidine-tagged IS1106Tip (lanes 5 to 7), or a mixture of different amounts of both, as indicated (lanes 8 to 10). In lane 11, the probe was incubated with mock extract. Unlabeled competitor was added in 5-and 50-fold excesses over labeled DNA where indicated. The bars indicate specific DNA-protein complexes I, II, and III.
onstrate that IS1106Tip was able to bind the IS1106 IR more efficiently than the full-length transposase (Fig. 7) . This finding was quite surprising, as the DNA binding domains involve N-terminal regions in many transposases (32) . IS1106Tip lacks the N-terminal half of IS1106T, including part of the DDE motif (Fig. 1B) . The analysis of the amino acid sequence of IS1106T by a computer program for prediction of helix-turnhelix DNA binding motifs using the algorithm of Dodd and Egan (available at http://npsa-pbil.ibcp.fr/) indicated a unique sequence at the C-terminal starting from amino acid 276 to amino acid 297 (Fig. 1B) , albeit with a low score (0.84). This sequence is conserved in IS1106Tip (Fig. 3B) . In the DNA band shift assays, IS1106Tip generates two complexes (II and III) when mixed with IS1106IR (Fig. 7) . We are currently investigating the nature of complex III (Fig. 7) . It is possible that it is formed by multimers of IS1106Tip with a molecule(s) of IS1106 IR. Competition with the transposase for binding to the ends of the element and formation of multimers may account for the ability of IS1106Tip to act as a negative modulator of IS1106 transposition.
Lack of IS1106Tip and, possibly, hypertransposition may contribute to plasticity of the meningococcal genomes in several pathogenic clones, playing an adaptive role and leading to changes in virulence in the course of evolution. For instance, it has been proposed that IS1106-mediated transposition and recombination may be involved in genetic instability at the porA locus, thereby influencing antigenic variation of this important surface antigen (26) . This hypothesis is further supported by computer sequence analysis of the meningococcal genome (serogroup A strain Z2491). The IS1106 elements are located close to genes encoding virulence factors and subjected to genetic variation, including lbpAB, encoding the lactoferrin receptor (43, 44) , and frpC, a meningococcus-specific gene absent in gonococci (as well as porA) (11) and coding for an iron-regulated protein related to the RTX family of cytotoxins (56) . 
Ϫ3
a The assay measured the movement of the transposase-defective element from donor plasmid pUC1106::ermCЈ to the target, N. meningitidis rifampin-resistant chromosomal DNA. The target DNA was derived from a rifampin-resistant variant of strain BL859. Transposition reactions were carried out in 20 l in the presence of 1 g of donor plasmid, 1 g of target DNA, 500 ng of IS1106T, and different amounts of IS1106Tip. Before the DNA was transformed into rifampin-sensitive parental strain BL859, single-stranded gaps possibly introduced upon transposition were repaired (Materials and Methods). Transposition events were scored as the recovery of erythromycin-resistant host cells after transformation. The ratio of the total number of erythromycin-resistant transformants to the total number of rifampin-resistant transformants was a measure of IS1106::ermCЈ transposition. The values shown are means of at least five independent experiments. b ND, not determined.
